Introduction {#S0001}
============

Rapid cell proliferation is a hallmark of cancer,^[1](#CIT0001)^ and this property has been targeted by drugs that block proliferation by stalling cells in mitosis through disruption of normal cycles of microtubule polymer assembly or disassembly from tubulin subunits.^[2](#CIT0002)^ Microtubule-targeting drugs induce either polymer depolymerization (i.e. vinblastine, colchicine) or stability (i.e. paclitaxel, docetaxel) and have had success in clinical applications as cancer therapies.^[3](#CIT0003)--[5](#CIT0005)^ By inhibiting microtubule function during mitosis, microtubule-targeting drugs block successful completion of mitosis and ultimately induce cell death,^[6](#CIT0006)--[8](#CIT0008)^ although these drug treatments also bring on significant side effects, and drug resistance remains a challenge.^[5](#CIT0005),[9](#CIT0009)--[11](#CIT0011)^

Microtubules, polymers of α and ß tubulin subunits, form one of the intracellular cytoskeletal filaments that function outside of mitosis to maintain the spatial organization of organelles and facilitate intracellular vesicular trafficking throughout the cell. The architecture of the microtubule cytoskeleton is specific to cell shape and biological process, for example elongated or polarized cells,^[12](#CIT0012)^ as well as the leading and trailing edges during cell migration.^[13](#CIT0013)^ Microtubules adopt a highly dynamic structure during cell division, forming the mitotic spindle, which is critical to the segregation of genetic material between daughter cells. This change in organization from the G2 stage of the cell cycle to mitosis is characterized by the dissolution of the interphase polymer array, consisting of a few hundred long microtubules, releasing tubulin subunits for assembly of the mitotic spindle, comprised of up to several thousand short microtubules; this entire process occurs during a small window of time during the G2/M transition.^[14](#CIT0014),[15](#CIT0015)^ A subset of short microtubules is also transported by dynein motors toward the nucleus in preparation for mitosis, but a large fraction of the microtubule cytoskeleton is first depolymerized to tubulin subunits prior to spindle assembly.^[15](#CIT0015),[16](#CIT0016)^

Microtubule organization and turnover is governed by dynamic instability, a process where tubulin subunits assemble or disassemble from microtubule ends. Transitions between these assembly and disassembly states are termed catastrophe, the molecular changes that drive the abrupt switch from assembly to disassembly states, and rescue, the molecular events underlying the transition from disassembly back to an assembly state. Measurements of dynamic instability in living cells have demonstrated a slower turnover of interphase microtubules compared to those in mitotic cells, including the brief transition from G2 to M phases of the cell cycle, coinciding with nuclear envelope breakdown (NEBD).^[16](#CIT0016),[17](#CIT0017)^ The changes in overall microtubule dynamics are regulated primarily via changes in catastrophe and rescue frequencies, rather than in the rates of polymerization or depolymerization.^[16](#CIT0016)--[18](#CIT0018)^ Simulation of the dynamic microtubule array using a Monte Carlo-based algorithm supported the hypothesis that changes in the transition frequencies of dynamic instability are sufficient to disassemble the interphase array within minutes using parameters measured at NEBD.^[17](#CIT0017),[19](#CIT0019)^

The measured shift in dynamic instability parameters as cells enter mitosis presents an interesting question: how can an interphase microtubule array, stabilized by paclitaxel, disassemble to form a spindle of short microtubules? Paclitaxel and related compounds induce microtubule stability by inhibiting dynamic instability, reducing catastrophes, promoting rescues, and driving nearly every tubulin dimer into polymer form.^[20](#CIT0020)--[22](#CIT0022)^ Previous studies have shown that cells readily form mitotic spindles in the presence of the microtubule stabilizing agent paclitaxel, despite the significantly reduced microtubule dynamics during both interphase and mitosis.^[10](#CIT0010),[23](#CIT0023)--[25](#CIT0025)^ The reorganization of the microtubule array in the presence of paclitaxel demonstrates that cells must have a mechanism other than a shift in dynamic instability to disassemble the G2 microtubule array at the G2/M transition. The spatially distinct pattern of microtubule clearing from the central region of the cytosol observed as paclitaxel-treated cells enter mitosis supports the idea that an alternative mechanism exists to clear the long interphase microtubules in preparation for mitosis.^[24](#CIT0024)^

Here we used a candidate protein approach to examine the relative contributions of microtubule destabilizing proteins in depolymerization of paclitaxel-stabilized microtubule arrays during the G2 to prophase transition. Candidate proteins within the classes of severing proteins and depolymerizing kinesins were selected based on previously demonstrated ability to depolymerize paclitaxel-stabilized microtubules in vitro, including the kinesin-8 family,^[26](#CIT0026),[27](#CIT0027)^ KIF2,^[28](#CIT0028)--[30](#CIT0030)^ KIF11 (Eg5),^[31](#CIT0031),[32](#CIT0032)^ and the severing proteins katanin and spastin.^[33](#CIT0033)--[36](#CIT0036)^ By depleting these proteins, we find that the kinesin-8 family of depolymerizing kinesins (KIF18A and KIF18B) and the severing protein spastin are required for timely microtubule array remodeling in the presence of paclitaxel, with KIF18B making the most significant contribution in our assays.

Results {#S0002}
=======

Interphase microtubule dissolution occurs with normal timing in paclitaxel-treated cells, but proceeds through a unique clearing pattern {#S0002-S2001}
----------------------------------------------------------------------------------------------------------------------------------------

By dampening dynamic instability and stabilizing microtubules, paclitaxel presumably should cause a cell cycle block prior to prophase by inhibiting efficient interphase microtubule array dissolution and, thus, preventing spindle assembly. However, the well-documented presence of abnormal spindles, with short microtubules, in paclitaxel-treated cells indicates that the stabilized interphase microtubule array is successfully cleared, despite stifled dynamics.^[8](#CIT0008),[23](#CIT0023),[24](#CIT0024)^ We first considered that this process was still governed by microtubule dynamics, but just significantly slowed by the dampened microtubule dynamics in paclitaxel. Using long term live cell imaging, we tracked cell populations synchronized at the G1/S border as they progressed through the cell cycle. Cells were treated with 30nM paclitaxel at 4 h post-release from synchronization. The dosage and duration of paclitaxel treatment was selected such that the estimated intracellular concentration of paclitaxel, which accumulates within cells over time, corresponds with clinical intratumoral concentrations (\~10--20 μM) coinciding with the peak in mitotic events.^[8](#CIT0008),[22](#CIT0022)^ Image series were collected in phase contrast and analyzed to measure the time to mitotic entry, which we defined as the observed loss of nuclear envelope integrity ([Figure 1(a)](#F0001)). Treatment with 30nM paclitaxel did not alter the timing of mitotic entry in either human Hela or A549 cells but was sufficient to modestly delay mitotic entry in porcine (*Sus scrofa*) LLC-PK1 cells by approximately 1 h compared to DMSO vehicle control-treated populations ([Figure 1(b)](#F0001)). Timely mitotic entry in the presence of paclitaxel demonstrates that induced microtubule stability still allows for efficient transition from interphase to prophase, supporting previous observations.^[10](#CIT0010),[24](#CIT0024),[25](#CIT0025)^ As an additional measure of cell cycle progress, we measured changes in the basal surface area of cells because cell rounding over approximately 30 min prior to mitosis is tightly correlated with CDK1 activity.^[37](#CIT0037)^ Consistent with the overall timing, cell rounding was primarily observed over a 30 min time window just before mitosis ([Figure 1(c)](#F0001)), consistent with normal activation of CDK1. 10.1080/15384047.2019.1638678-F0001Figure 1.Paclitaxel treatment does not influence the timing of mitotic entry. (a) Representative image series of an LLC-PK1 cell entering mitosis, tracked by long term live cell phase contrast imaging. The time of image acquisition is indicated in minutes post-release from a double thymidine block. Mitotic entry was defined as the first frame where loss of nuclear envelope integrity was evident, as indicated by the white arrowhead. (b) Treatment with 30nM paclitaxel does not affect the timing of mitotic entry in Hela or A549 cells, but results in a modest delay of approximately 1 h in LLC-PK1 cells. Cells were synchronized at the G1/S border by double thymidine block. Drug treatments were added 4 h after the second release and cells were tracked by long term, live cell phase contrast imaging for 24 h. At least 100 cells were tracked for each experimental condition in each of 3 independent experiments. (c) Cell surface area in contact with the substrate showed cell rounding precedes mitotic entry (time 0) by approximately 30 min and is unaffected by paclitaxel treatment. Graphs represent the average of 10 cells for each condition. For clarity, standard deviations are shown in only one direction. PTX, paclitaxel. \*\*\*\*p \< .0001.

Attempts to visualize the remodeling of the microtubule array at the interphase-prophase transition in a stable LLC-PK1 cell line expressing GFP-labeled α-tubulin by live cell imaging were largely unsuccessful. Despite high temporal resolution (image acquisition at 3 s intervals), several factors made use of this assay difficult and/or inefficient: (1) mitotic entry occurs over a short time window (\~5 min) with a great degree of cell-to-cell asynchrony, even in cell populations synchronized by release from the G1/S border, and we currently lack adequate markers to predict impending mitotic entry in G2 cells; (2) quantification of tubulin in polymer was impeded by the background signal from soluble tubulin, especially as the microtubule array remodeled and polymer was disassembled; (3) interphase array disassembly and bipolar spindle formation do not occur discretely, such that overlap between the two processes obstructs accurate quantification.

To avoid the problems associated with live cell imaging and to allow measurement from a larger number of cells, we used an immunofluorescent assay in cells synchronized at the G1/S border and then fixed at the approximate mitotic peak to visualize and quantify the microtubule array. Cells were fixed following brief lysis to release soluble tubulin and this population-based approach enriched for the rare population of prophase cells, which were selected for analysis in comparison to neighboring G2 cells. Prophase cells were binned into two categories, early and late prophase, based on the extent of chromatin condensation. Early prophase cells were classified by modest chromatin condensation and a smooth contour around genetic material, indicating an intact nuclear envelope. Late prophase was characterized by tighter chromatin condensation and lack of a distinctly smooth outline of the presumptive nuclear envelope. Due to a lack of adequate markers that suited the required fixation method, however, we could not definitively confirm nuclear envelope integrity. Nevertheless, treatment with 30nM paclitaxel qualitatively demonstrated a unique pattern of microtubule array remodeling that differed from that of control populations ([Figure 2(a)](#F0002)). In paclitaxel-treated cells, the interphase array clears in the center region of the cytosol, consistent with previous observations.^[24](#CIT0024)^ The difference in array organization in the presence and absence of paclitaxel was especially apparent in late prophase.10.1080/15384047.2019.1638678-F0002Figure 2.Assays to measure microtubule polymer loss at mitotic entry in A549 cells. (a) Representative images of A549 cells treated with 30nM paclitaxel or 0.1% DMSO (vehicle control) illustrate different patterns of microtubule array disassembly. A549 cells treated with 30nM paclitaxel or 0.1% DMSO were fixed at 8 h post-release from the second S-phase block. Cells at or approaching mitotic entry were characterized as G2, early prophase, or late prophase based on the extent of chromatin condensation. (b) Diagram (top) of area used to quantify microtubule polymer in 30nM paclitaxel-treated cells from the central regions on either side of the nucleus (red rectangles), measured along the long axis of the cell (dotted black rectangle). A plot of microtubule loss from this region in early and late prophase compared to neighboring G2 cells is shown (bottom). (c) Diagram (top) and graph (bottom) of assay used to quantify microtubule polymer loss from the peripheral region of A549 cells treated with DMSO. For B-C, at least 10 cells for each cell cycle stage of each experimental condition were measured in 3 independent experiments for a total of 30 cells per condition and stage. For paclitaxel-treated cells, both of the center cytoplasmic regions were used (red boxes in B, top panel), representing a total of 60 measurements per stage (plotted in B, lower panel). PTX, paclitaxel.\*\*\*\*p \< .0001.

In order to quantify the change in microtubule polymer in paclitaxel-treated cells, we developed an immunofluorescent assay measuring the average fluorescent intensity in central regions of the cytoplasm on either side of the nucleus ([Figure 2(b)](#F0002); see Methods). This method of quantification was designed to specifically address the clearing pattern observed in paclitaxel-treated cells, but also to avoid the cytoplasmic region neighboring the nucleus, where concurrent interphase microtubule disassembly and bipolar spindle formation confounds the measurements. For this assay, we chose to proceed with A549 and LLC-PK1 cells because their flat morphologies were more amenable to visualizing the microtubule array compared to Hela cells. In the presence of paclitaxel, microtubule polymer significantly decreased in the center region of the cytoplasm as either A549 cells ([Figure 2(b)](#F0002)) or LLC-PK cells (Supplemental [Figure 1](#F0001)) progressed from G2 through late prophase.

Treatment of the two cell lines with the DMSO vehicle control yielded a different pattern of microtubule loss as cells approached mitotic entry ([Figure 2(a)](#F0002)). In control-treated A549 cells, the central region did not show a large loss of microtubule polymer in early or late prophase (data not shown), which we attribute to cell rounding (see [Figure 1(c)](#F0001)). As an alternative measure of microtubule loss in DMSO-treated cells, we measured the density of microtubule ends at the cell periphery by counting the number of ends located within 3 µm of the cell periphery (see Methods). As shown in [Figure 2(c)](#F0002), DMSO control-treated A549 cells showed a 61 ± 13% decrease in microtubule ends in prophase cells compared to neighboring G2 cells. Similar results were obtained in LLC-PK1 cells, with a 50% decrease in microtubule ends in prophase cells compared to G2 cells (Supplemental [Figure 1(d)](#F0001)). In general, our observations are consistent with the loss of microtubule polymer as cells transition from G2 to prophase reported previously.^[15](#CIT0015)^ Overall, the pattern of microtubule array dissolution at mitotic entry clearly differs between controls (DMSO-treated) and paclitaxel-treated cells, consistent with a previous report.^[24](#CIT0024)^

The central microtubule clearing, combined with the dampened microtubule dynamics in paclitaxel-treated cells,^[22](#CIT0022)^ indicated that microtubule array remodeling likely does not proceed as a result of plus-end dynamics. We hypothesized that paclitaxel-stabilized microtubules are reorganized at the G2/M transition by microtubule depolymerizing kinesins and/or severing proteins. Candidate proteins were selected based on their previously demonstrated ability to depolymerize paclitaxel-stabilized microtubules in vitro and their contributions determined by examining microtubule clearing from the central region of the cytosol after either protein depletion by siRNA or chemical inhibition of protein activity.

KIF18A and KIF18B depletion obstructs clearing of paclitaxel-stabilized interphase arrays {#S0002-S2002}
-----------------------------------------------------------------------------------------

Depolymerizing kinesins regulate microtubule dynamics by inhibiting the stability of microtubule plus- and/or minus-ends and evidence points to their functions during mitosis.^[38](#CIT0038)--[40](#CIT0040)^ We reasoned that specific activation of depolymerizing kinesins at mitotic entry could induce disassembly of paclitaxel-stabilized arrays to facilitate interphase array dissolution. Here we consider proteins within the kinesin-8, kinesin-5, and kinesin-13 families (see consensus nomenclature)^[41](#CIT0041)^ as potential modulators the G2/M transition that may facilitate reorganization of stabilized microtubule arrays.

Kinesin-8 family members were depleted individually and/or in combination by siRNA knockdown in A549 and LLC-PK cell lines. The kinesin-8 family is expressed in a cell cycle-dependent manner and therefore siRNA transfections were performed during the second block of the double thymidine block/synchronization method to ensure that siRNA was present before kinesin-8 expression and so that we assessed the first mitotic entry following protein depletion to eliminate possible downstream consequences of a previous aberrant mitosis. KIF18B depletion was confirmed at 24 h after transfection by immunoblotting ([Figure 3(a)](#F0003)), however, attempts to confirm KIF18A depletion by this method were inconclusive. We did not explore immunoblot issues further, but the inconclusive results could be due to cross-reactivity with Kif18B, or because control-transfected cells degrade Kif18A as they proceed through mitosis (reducing the Kif18A level detected in the cell population), while depleted cells are blocked in prometaphase and maintain any remaining Kif18A.^[42](#CIT0042),[43](#CIT0043)^ To examine knockdown directly, we confirmed KIF18A depletion by immunofluorescence staining; mitotic cells depleted of KIF18A exhibited a loss of KIF18A staining adjacent to kinetochores ([Figure 3(b)](#F0003)), consistent with a previous report.^[42](#CIT0042)^ For DMSO-treated control A549 cells, depletion of KIF18A and/or KIF18B did not change the density of microtubule ends at the cell periphery in the cell cycle stages examined (G2, early, or late prophase cells; [Figure 3(c,d)](#F0003)). These data indicate that KIF18A and/or KIF18B are not required for clearance of the G2 microtubule array in the absence of paclitaxel, conditions where changes in microtubule plus end dynamics should be sufficient to depolymerize the array. In contrast, depletion of KIF18A and KIF18B, either singly or in combination, reduced the loss of microtubule polymer in paclitaxel-treated cells at mitotic entry compared to cells transfected with a control siRNA ([Figure 3(c,d)](#F0003)). There was no significant difference between the amount of polymer in G2 and early prophase in cells depleted of KIF18A, although microtubule levels were still reduced by late prophase. Depletion of KIF18B alone, or dual depletion of both KIF18A and KIF18B, eliminated the loss of microtubule polymer in paclitaxel-treated cells at early or late prophase ([Figure 3(d)](#F0003)). In contrast, cells transfected with the control siRNA showed the same pattern of microtubule loss in early or late prophase as those treated with paclitaxel alone (compare [Figures 2(b)](#F0002) and [3(e)](#F0003)). 10.1080/15384047.2019.1638678-F0003Figure 3.Depletion of KIF18A and KIF18B in A549 cells reduced disassembly of paclitaxel-stabilized interphase microtubules at mitotic entry. (a) KIF18B depletion by siRNA was confirmed by immunoblot. Gel samples were made following double thymidine synchronization approximately 24 h post-siRNA transfection. α-tubulin and GAPDH serve as loading controls. (b) Representative images of mitotic cells confirming KIF18A depletion approximately 24 h post-siRNA transfection. KIF18A-depleted cells lose staining (green) of KIF18A adjacent to kinetochores, as marked by CREST staining (red), during mitosis,^[42](#CIT0042)^ shown at higher magnification in the boxed insets. DNA is shown in blue. (c) Representative images of cells in early or late prophase incubated in 30nM paclitaxel and depleted of KIF18A and/or KIF18B as indicated. Microtubules (green) and chromatin (red) are labeled. A549 cells were synchronized by double thymidine block and treated with 0.1% DMSO control (not shown) or 30nM paclitaxel approximately 4 h post-release. Cells were fixed approximately 8 h post-release and 24 h post-siRNA transfection. (d) For DMSO-treated cells, KIF18A and/or KIF18B depletion did not affect microtubule clearing from G2 through prophase. Shown are the number of microtubule ends at the cell periphery as described in Methods. (e) KIF18A and/or KIF18B depletion impedes interphase microtubule array clearing in the presence of paclitaxel. Microtubule polymer was quantified in the central region as described in Methods. In each of 3 independent experiments, at least 10 cells for each cell cycle stage were measured, including 2 measurements per cell in paclitaxel-treated cells (see diagram and legend in [Figure 2](#F0002)). NT, Non-targeting; PTX, paclitaxel. \*p \< .05; \*\*p \< .01;\*\*\*p \< .001;\*\*\*\*p \< .0001.

Similar results were obtained in LLC-PK1 cells where the combination of KIF18A and KIF18B depletions abrogated the reduced microtubule polymer levels measured in the center region of the cytoplasm of paclitaxel-treated cells (Supplemental Figure 1). Depletion of KIF18A or KIF18B individually, or inhibition of KIF18A with a small molecule inhibitor (BTB1)^[44](#CIT0044)^ did not change the pattern of microtubule loss, and therefore both KIF18A and KIF18B were required for microtubule loss at prophase in this cell line (Supplemental Figure 1). Consistent with A549 cells, KIF18A and KIF18B were not required for interphase microtubule loss in DMSO-treated control LLC-PK cells (Supplemental Figure 1).

Several other kinesin families able to depolymerize paclitaxel-stabilized microtubules were also considered as candidates for clearing stable microtubules during prophase. KIF11 (also known as kinesin-5 or Eg5)^[41](#CIT0041)^ is a motor protein with an established role during mitosis as a microtubule depolymerase,^[31](#CIT0031),[32](#CIT0032)^ However, inhibition of KIF11 by monastrol treatment in LLC-PK1 cells did not alter the timing of mitotic entry or microtubule array remodeling at the G2-prophase transition in the presence or absence of paclitaxel (data not shown).^[45](#CIT0045),[46](#CIT0046)^ Other candidates included the kinesin-13 family of depolymerizing kinesins, consisting of KIF2A, KIF2B, and KIF2C/MCAK. Kinesin-13s are non-processive, reaching microtubule ends by diffusion where they function as microtubule depolymerases that use ATPase activity to directly depolymerize microtubules from both plus- and minus-ends.^[28](#CIT0028)--[30](#CIT0030)^ KIF2A and KIF2C/MCAK have established roles during mitosis, with evidence to suggest that their activity and localization are regulated by mitotic kinases.^[40](#CIT0040),[47](#CIT0047)^ Thus, we assessed how depletion of these proteins affected G2 microtubule array disassembly in A549 cells treated with paclitaxel. While depletion of KIF2A and KIF2B was confirmed by immunoblotting at 48 h post-transfection ([Figure 4(a)](#F0004)), our attempts to deplete KIF2C/MCAK were unsuccessful. Still, immunoblot analysis demonstrated that KIF2A and KIF2B depletion were enhanced by co-transfection with siRNA targeting KIF2C/MCAK. Therefore, we proceeded with triple transfection of KIF2A, KIF2B, and KIF2C/MCAK siRNAs and evaluated the effect on microtubule array remodeling at the G2/M transition. Following siRNA transfection in A549 cells, both in the presence and absence of paclitaxel, interphase array dissolution was not significantly different from control cells transfected with non-targeting siRNA ([Figure 4(b,c)](#F0004)). These results illustrate that microtubule array remodeling in paclitaxel-treated cells proceeds despite the depletion of KIF2A and KIF2B, indicating that these depolymerizing kinesins do not contribute to the dissolution of stabilized microtubules at mitotic entry. It is possible, however, that KIF2C/MCAK may play a role in this process which remains uncharacterized due to unsuccessful attempts to deplete KIF2C in this study. 10.1080/15384047.2019.1638678-F0004Figure 4.Depletion of kinesin-13s in A549 cells did not affect interphase array clearing in the presence of paclitaxel. (a) Depletion of kinesin-13's, KIF2A and KIF2B, by siRNA knockdown was confirmed at 48 h post-transfection by immunoblotting. Gel samples were made concomitant with double thymidine synchronization at 24 and 48 h post-siRNA transfection. Actin served as a loading control. Attempts to detect KIF2C/MCAK by immunoblot were unsuccessful; however, KIF2A and KIF2B depletion appeared to be enhanced following triple transfection of KIF18A, KIF18B, and KIF2C/MCAK siRNA. (b) For DMSO-treated control A549 cells, microtubules were lost at the cell periphery independent of depletion of KIF2A and KIF2B. (c) In paclitaxel-treated cells, microtubule density in the central region of the cytoplasm also showed a similar reduction in early and late prophase for either control siRNA transfected cells or cells transfected with siRNA targeting the kinesin 13's. For each of 3 independent experiments, at least 10 cells for each cell cycle stage of each experimental condition were measured. NT, Non-targeting; PTX, paclitaxel. \*\*p \< .01; \*\*\*p \< .001; \*\*\*\*p \< .0001.

Spastin depletion reduces interphase array disassembly in paclitaxel-treated cells {#S0002-S2003}
----------------------------------------------------------------------------------

The microtubule severing proteins constitute a class of molecular enzymes which cut microtubules into short fragments by an ATP-dependent mechanism, operating along microtubule lengths, and are able to sever microtubules stabilized by paclitaxel.^[33](#CIT0033),[34](#CIT0034),[48](#CIT0048)^ Severing promotes microtubule disassembly and has been implicated in a variety of cellular functions, including well characterized roles in mitosis.^[48](#CIT0048)^ During mitosis, the severing enzymes contribute to poleward microtubule flux that play a part in chromosome movement during metaphase and anaphase, presumably by removing stabilizing caps at microtubule plus- and minus-ends to provide a substrate suitable for depolymerizing kinesins.^[33](#CIT0033),[48](#CIT0048)--[50](#CIT0050)^ Here we tested whether severing by katanin or spastin was required to depolymerize paclitaxel-stabilized interphase microtubule arrays at mitotic entry. We did not examine fidgetin because we were unable to detect this protein in the cell lines studied.

We evaluated the contribution of katanin and spastin, singly and in combination, by siRNA depletion. Immunoblot analysis revealed that at least 48 h was required post-transfection to achieve detectable protein depletion; even still, spastin protein was depleted only \~50% after 48 h ([Figure 5(a)](#F0005)). Depletion of either protein alone, or both proteins in combination, did not alter the loss of microtubules in DMSO-treated control cells ([Figure 5(b)](#F0005)), indicating that these proteins are not normally required at mitotic entry. In contrast, depletion of spastin, but not katanin, in A549 cells hindered microtubule array disassembly in the presence of paclitaxel ([Figure 5(c)](#F0005)). In spastin-depleted cells, we observed reduced microtubule polymer loss in early and late prophase cells in the presence of paclitaxel, with no statistical difference in the relative amount of microtubule polymer between G2 and early prophase cells. In late G2 cells, microtubule polymer was reduced compared to G2 levels, but the reduction was less than that observed in cells transfected with non-targeting siRNA. Thus, spastin depletion by only \~ 50%, was sufficient to cause a reduction in the extent of G2 microtubule array clearing at mitotic entry in paclitaxel-treated A549 cells. Katanin-depleted cells showed no defect in G2 microtubule array clearing in paclitaxel, showing a pattern of microtubule polymer loss through early and late prophase that matched well with the pattern in control siRNA-transfected cells. 10.1080/15384047.2019.1638678-F0005Figure 5.Depletion of spastin, but not katanin, hinders microtubule array disassembly in paclitaxel-treated A549 cells. **(a)** Depletion of katanin and spastin by siRNA knockdown was confirmed at 48 h post-transfection by immunoblotting. However, even after 48 h, spastin protein was only reduced by \~ 50%. A549 cells were transfected with siRNA targeting katanin, spastin, or non-targeting control; gel samples were made 24 or 48 h post-siRNA transfection. Actin served as a loading control. (b) In DMSO-treated control cells, the number of microtubule ends at the cell periphery was reduced in early (grey bars) and late prophase (black bars) compared to G2 (white bars); depletion of katanin and/or spastin did not alter the amount of microtubules lost under these conditions. (c) For cells treated with paclitaxel, interphase microtubule array disassembly was reduced by spastin depletion, but not by katanin depletion. This reduction was detectable in early prophase cells, where the amount of microtubule polymer was not significantly different from the G2 level. A549 cells were synchronized by double thymidine block and treated with 0.1% DMSO control or 30nM paclitaxel approximately 4 h after the second release. Cells were fixed approximately 8 h post-release and 48 h post-siRNA transfection. In each of 3 independent experiments, at least 10 cells for each cell cycle stage of each experimental condition were measured. NT, Non-targeting; KATNA1, katanin; SPAST, spastin; PTX, paclitaxel. \*p \< .05; \*\*p \< .01; \*\*\*\*p \< .0001.

Parallel experiments depleting spastin from LLC-PK1 cells yielded a similar trend, but less robust abrogation of microtubule polymer loss in early or late prophase, and this abrogation was detectable in either DMSO-treated controls or paclitaxel-treated cells (Supplemental Figure 2). Collectively, these results indicate that spastin, but not katanin, plays a role in remodeling paclitaxel-stabilized microtubule arrays at mitotic entry.

Discussion {#S0003}
==========

Despite its successful therapeutic use, paclitaxel's mechanism of action has a paradox where its microtubule-stabilizing activity is briefly antagonized to allow microtubule array reorganization as cells approach mitotic entry.^[23](#CIT0023),[24](#CIT0024),[51](#CIT0051)^ Paclitaxel-stabilized microtubule arrays reorganize in a spatially distinct pattern at mitotic entry ([Figure 2](#F0002); also Hornick et al.^[24](#CIT0024)^). Here we identified roles for microtubule depolymerizing proteins, KIF18A, KIF18B and spastin, a microtubule severing protein, in remodeling of paclitaxel-stabilized microtubules arrays, specifically as cells transition from G2 to prophase. Depletion of KIF18A and KIF18B or spastin in either paclitaxel-treated A549 or LLC-PK1 cells abrogated interphase microtubule array clearing during prophase, with the effects of KIF18A and B depletion, or KIF18B depletion alone, showing the most robust phenotype. In all cases, aberrant spindles of short microtubules still formed indicating that other proteins likely contribute to clearing paclitaxel-stabilized interphase microtubule arrays. Because we were only able to deplete spastin by \~50%, we were unable to determine whether these three proteins are the sole proteins needed to clear the paclitaxel-stabilized microtubule array as cells transition from G2 to prophase. Additional proteins, possibly including residual spastin, or others able to depolymerize paclitaxel-stabilized microtubules, may contribute to G2 microtubule array depolymerization in paclitaxel. We assume that KIF18A, B, and spastin normally contribute to interphase array dissolution in the absence of paclitaxel as well, but that the change in microtubule dynamics at mitotic entry is the major driver of microtubule loss, thus masking the roles of KIF18A, B, and spastin unless dynamic turnover is blocked by paclitaxel. Alternatively, the change in microtubule structure caused by paclitaxel may render cellular microtubules susceptible to KIF18's and/or spastin and these proteins may have a unique function in paclitaxel-treated cells to drive microtubule reorganization at mitotic entry.^[20](#CIT0020),[52](#CIT0052)^

A remaining unanswered question is why KIF18A, KIF18B and/or spastin antagonize paclitaxel specifically in a brief window during the G2/prophase transition. Expression of both KIF18A and KIF18B is cell cycle-dependent, with expression rising in G2, and protein destruction after mitotic exit.^[53](#CIT0053),[54](#CIT0054)^ KIF18A and KIF18B are imported into the nucleus after synthesis, where they reside until nuclear envelope breakdown.^[53](#CIT0053),[55](#CIT0055)^ It is possible that the cell cycle-dependent expression and localization to the nucleus confines KIF18A- and KIF18B-dependent microtubule depolymerization to a finite time window beginning at nuclear envelope breakdown.^[38](#CIT0038),[53](#CIT0053),[55](#CIT0055),[56](#CIT0056)^ In this regard, it is important to note that the nuclear envelope does not instantly break apart, but instead first becomes leaky as its structure is breaking down.^[57](#CIT0057)^ In this model, KIF18A and KIF18B have access to the interphase microtubule array only during prophase and later stages of mitosis,^[38](#CIT0038),[53](#CIT0053),[55](#CIT0055),[56](#CIT0056)^ where these proteins can antagonize paclitaxel to facilitate interphase microtubule depolymerization.

Possible mechanisms underlying spastin's ability to antagonize paclitaxel specifically at mitotic entry are less clear, but several models are possible. First, the human spastin protein sequence is predicted to contain eight CDK1 phosphorylation sites, which could stimulate spastin's severing activity as active CDK1 levels rise, but it is not yet known whether CDK1 phosphorylates spastin in cells, or whether phosphorylation stimulates spastin severing activity. Currently the only known modification that stimulates spastin's microtubule severing activity is the polyglutamylation of tubulins within microtubules, a modification to the substrate rather than to the enzyme itself. Recent work has demonstrated that polyglutamylation induces microtubule severing by recruiting and honing katanin and spastin severing protein activity.^[58](#CIT0058)--[60](#CIT0060)^ Additionally, paclitaxel treatment increases tubulin polyglutamylation within microtubules and we hypothesized that the increased polyglutamylation could sensitize microtubules to severing by spastin.^[61](#CIT0061)^ In a preliminary experiment, we measured the levels of tubulin polyglutamylation over time in synchronized A549 cells after release from a G1/S block. In the presence or absence of paclitaxel, polyglutamylation levels were high 6 hours after release from a G1/S block, 2 hours before the peak in mitotic cells. These preliminary results do not support a cell-cycle dependent rise in polyglutamylated tubulin in paclitaxel-treated cells that coincides with mitotic entry. It remains an open question how spastin-dependent severing of paclitaxel-stabilized microtubules is confined to a brief window of time at the G2/prophase transition.

In summary, the experiments presented here identified roles for microtubule destabilizing proteins, KIF18A, KIF18B, and spastin, in clearing the interphase microtubule array and allowing microtubule reorganization at mitotic entry. There has been a growing trend toward identifying microtubule associated proteins as targets for cancer therapy due to accumulating evidence that these candidates can affect cancer cell sensitivity to microtubule targeting agents by altering microtubule dynamics.^[45](#CIT0045),[46](#CIT0046),[62](#CIT0062)^ Whether depletion or inhibition of the proteins addressed in this study could synergize with paclitaxel to control cell proliferation has not yet been addressed, but will be interesting to pursue in the future.

Materials and methods {#S0004}
=====================

Cell culture and drug treatments {#S0004-S2001}
--------------------------------

Porcine (*Sus scrofa*; LLC-PK1) and human (A549) cells were obtained from the ATCC (Manassas, VA) and were grown in DMEM (Sigma; D5796) or Ham's F-12K (Life Technologies; 21127022) medium, supplemented with 10% fetal bovine serum (FBS; Life Technologies; A3160401) and 1% antibiotic/antimycotic (Sigma; A5955). For preliminary imaging experiments, an LLC-PK1 cell line stably expressing GFP-tagged α-tubulin was used.^[17](#CIT0017)^ Cells were synchronized through a double thymidine block by overnight incubation in 5mM thymidine (Sigma; T1895), an 8-h release in fresh medium after 5 washes in warm phosphate-buffered saline (PBS), followed by a 16-h incubation in 5mM thymidine. Cells were transferred to fresh medium following 5 washes with warmed PBS. Drug treatments, including 0.1% DMSO or 30nM paclitaxel (CalBiochem; 580555) were applied approximately 4 h following the second thymidine release. In the case of KIF18A or KIF11 (Eg5) inhibition, cells were treated with small molecule inhibitors, 50μM BTB1 (see ref. 44; R&D Systems; 5539) or 100μM monastrol (see refs. 45,46; R&D Systems; 1305), respectively, after synchronization.

siRNA and transient transfection {#S0004-S2002}
--------------------------------

For RNA interference in synchronized cells, transfections were performed in serum free medium 1--2 days after plating using GeneSilencer (Genlantis; T500750) according to the manufacturer's protocol, as described previously.^[63](#CIT0063)^ The siRNA oligonucleotides were purchased from Dharmacon and include: *Sus scrofa* KIF18A 5ʹ-CAAGAUAAGUCAAGUGAUAUU-3ʹ; *Sus scrofa* KIF18B 5ʹ-CGAGGGAGCUGGAGAGUCAUU-3ʹ; *Sus scrofa* spastin 5ʹ-UGAUAUAGCUGGUCAAGAAUU-3ʹ; SMARTpool targeting human KIF18A (L-006894--00-0005); SMARTpool targeting human KIF18B (L-010460--01-0005); SMARTpool targeting human KIF2A (L-004959--00-0005); SMARTpool targeting human KIF2B (L-008345--00-0005); SMARTpool targeting human KIF2C (L-004955--00-0005); SMARTpool targeting human katanin (L-005157--02-0005); SMARTpool targeting human spastin (L-014070--00-0005). siGenome non-targeting siRNA (Dharmacon; D-001210--01-05) was used as a control siRNA sequence. In cases where protein depletion occurred within 24 h post-siRNA transfection (KIF18A and KIF18B knockdown in A549 and LLC-PK1 cells), siRNA was transfected during the first release of the double thymidine block protocol. For KIF2A, KIF2B, KIF2C/MCAK, katanin, and spastin, siRNA transfections occurred prior to the first thymidine block during the synchronization protocol in order to achieve protein depletion at 48 h.

Knockdowns were confirmed by immunoblotting (below), or observations of mitotic defects after fixation and immunofluorescence (below) to detect defects in chromosome alignment, spindle structure, or loss of KIF18A adjacent to kinetochores.

Immunoblotting {#S0004-S2003}
--------------

Soluble cell extracts were prepared as described previously and protein concentrations were measured by Bradford assay.^[63](#CIT0063)^ Lysates were diluted in PAGE sample buffer; 10--20 µg total protein per lane was typically loaded and resolved in 10% polyacrylamide gels and transferred to PVDF membranes (Bio-Rad; 1704156) using the TurboTransfer apparatus (Bio-Rad, Hercules CA). Membranes were blocked with 5% nonfat milk in Tris-buffered saline with 0.1% Tween and then probed with primary antibodies: anti-α-tubulin B512 (1:10,000; Sigma; T5168), vinculin (1:1000; Cell Signaling; 13901), KIF2A (1:10,000; a generous gift from Dr. Duane Compton), KIF2B (1:2000; Novus Biologicals; NBP1-86002), actin (1:10,000; Sigma; A5060), KIF18A (1:2000; Bethyl Laboratories; A301-080A-T), KIF18B (1:5000; Bethyl Laboratories; A303-982A), GAPDH (1:1000; Abcam; ab9483), katanin (1:1000; Abcam; ab111881), or spastin (1:1000; Sigma; S7074); followed by horseradish peroxidase-linked secondary antibodies, anti-mouse IgG (1:10,000; Sigma; A2554) or anti-rabbit IgG (1:10,000; Bio-Rad; 170--6515). Immuno-reactive bands were developed using enhanced chemiluminescence (GE Amersham; RPN2232) and detected on X-ray film (Denville Scientific; E3012).

Indirect immunofluorescence and confocal microscopy {#S0004-S2004}
---------------------------------------------------

Cells were grown on glass coverslips and treated as described above. Prior to fixation, cells were rinsed with warmed PBS and briefly lysed in PEM (80 mM PIPES, 1 mM EGTA, 1 mM MgSO~4~) supplemented with 0.5% Triton X-100 for 15 s to remove soluble tubulin but preserve microtubules.^[64](#CIT0064)^ Cells were then fixed with a mixture of 2% paraformaldehyde and 0.1% glutaraldehyde in PEM at 37°C for 10 min and then further permeabilized in −20°C methanol for 5 min. Alternatively, for scoring of mitotic phenotypes to confirm protein knockdowns, cells were fixed with −20°C methanol supplemented with 1mM EDTA for 10 min, and then rehydrated in PBS. Fixed cells were incubated with blocking reagent (10% FBS in PBS) for 30 min at 37°C, followed by a 45-min incubation with primary antibody at 37°C. Cells were then washed with PBS and incubated with secondary antibody and 1.5 µM propidium iodide (Sigma; P4864) or 2g/ml Hoechst 33342 (Life Technologies; H3570) for 45 min at 37°C. Primary antibodies used included anti-α-tubulin B512 (1:1000; Sigma; T5168), anti-KIF18A (1:100; Bethyl Laboratories; A301-080A-T), and anti-CREST (1:100; a generous gift from Dr. Bill Brinkley). Secondary antibodies used included goat anti-mouse IgG Alexa 488 (1:50; Life Technologies; A11029), goat anti-rabbit IgG Alexa 488 (1:50; Life Technologies; A11034), goat anti-rabbit IgG Alexa 568 (1:50; Life Technologies; A11036), or goat anti-human IgG Alexa 568 (1:50; Life Technologies; A21090). Coverslips were then washed with PBS and mounted on slides with Vectashield (Vector Labs; H-1000). Cells were imaged using a 63x/1.4 numerical aperture Plan-Apo objective on Zeiss LSM 880 confocal microscope (Zeiss USA, Thornwood, NY).

For quantitative measurement of microtubule polymer by immunofluorescence, maximum intensity projections were made from Z-stacks and then analyzed by 5 μm wide line scans that spanned the diameter of the cell using Zen Black software (Zen 2.1 SP2). The resulting line scan profiles in LLC-PK1 cells spanning from the nuclear boundary to the cell margin were divided into the following subcellular regions: interior (25%), center (50%), and periphery (25%). Due to greater cell rounding, line scan profiles in A549 cells were divided from nuclear boundary to cell margin into 3 subcellular regions: interior (37.5%), center (25%), and periphery (37.5%). Based on the pattern of microtubule clearing qualitatively observed in paclitaxel-treated cells, the average fluorescence intensity measured from the center region, as described above, was used for quantitative analyses. Microtubule loss in DMSO-treated control cells was quantified by the density of polymer at the cell margin. Microtubule ends within 3 µm of the cell periphery were counted within a 200 µm long line at the cell margin. For all measurements, at least 10 cells for each cell cycle stage and each experimental condition were measured in each of 3 independent experiments for a total of 30 cells for every stage and condition quantified. We assumed that all siRNA-transfected cells were depleted of their respective protein(s) and did not confirm knockdown for each individual cell.

Live-cell imaging {#S0004-S2005}
-----------------

For long term cell fate tracking, cells were plated on glass bottom dishes (CellVis; D35201.5N) and imaged using a Biostation IM (Nikon Instruments, Melville NY), as described previously.^[65](#CIT0065)^ Cells were imaged with phase-contrast optics using a 20x objective, and images were collected at 5-min intervals for at least 24 h. Cell fates were tracked from image series. Mitotic entry was marked either by the first image showing loss of the nuclear envelope or by significant cell rounding. The time from G1/S to mitosis was not changed by any of the siRNA depletions examined here. For assessment of cell rounding, the basal surface area of individual cells was measured from the collected image series using Fiji software (NIH, version 2.0.0-rc-69/1.52i) by tracing the cell periphery in the 12 frames prior to the visible loss of nuclear envelope integrity and were normalized to the initial basal surface area measured at 60 min prior to NEBD.^[37](#CIT0037),[66](#CIT0066)^

Data analysis {#S0004-S2006}
-------------

Unless stated otherwise, all experiments were repeated in three independent experiments for each cell line and data from the three experiments pooled for analyses. Statistical analyses were performed using unpaired t-tests using either GraphPad (<https://www.graphpad.com/quickcalcs/ttest1.cfm>) or KaleidaGraph software (version 4.5; Synergy Software, Reading PA) and significance is noted on all graphs.

Acknowledgments
===============

This work was supported by the NIH under grant GM117560 to LC. JCL was partially supported by the Marjorie M. Nemes Fellowship awarded by the Department of Biological Sciences at Lehigh University.

Disclosure Statement {#S0005}
====================

The authors report no conflict of interest.

Supplementary data {#S0006}
==================

Supplemental data for this article can be accessed on the [publisher's website](http://dx.doi.org/10.1080/15384047.2019.1638678)

###### Supplemental Material

[^1]: present address for Dr. Leung: Wistar Institute, Philadelphia, PA 19104
